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In several cell types, poliovirus activates the apoptotic program, implementation of which is suppressed by viral antiapoptotic functions.
In such cells, productive infection leads to a necrotic cytopathic effect (CPE), while abortive reproduction, associated with inadequate viral
antiapoptotic functions, results in apoptosis. Here, we describe two other types of cell response to poliovirus infection. Murine L20B cells
expressing human poliovirus receptor responded to the infection by both CPE and apoptosis concurrently. Interruption of productive infection
decreased rather than increased the proportion of apoptotic cells. Productive infection was accompanied by the early efflux of cytochrome c
from the mitochondria in a proportion of cells and by activation of DEVD-specific caspases. Inactivation of caspase-9 resulted in a marked,
but incomplete, prevention of the apoptotic response of these cells to viral infection. Thus, the poliovirus-triggered apoptotic program in
L20B cells was not completely suppressed by the viral antiapoptotic functions. In contrast, human rhabdomyosarcoma RD cells did not
develop appreciable apoptosis during productive or abortive infection, exhibiting inefficient efflux of cytochrome c from mitochondria and
no marked activation of DEVD-specific caspases. The cells were also refractory to several nonviral apoptosis inducers. Nevertheless, typical
caspase-dependent signs of apoptosis in a proportion of RD cells were observed after cessation of viral reproduction. Such blateQ apoptosis
was also observed in productively infected HeLa cells. In addition, a tiny proportion of all studied cells were TUNEL positive even in the
presence of a caspase inhibitor. Degradation of DNA in such cells appeared to be a postmortem phenomenon. Biological relevance of
variable host responses to viral infection is discussed.
D 2004 Elsevier Inc. All rights reserved.
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Infection of cells with a variety of viruses elicits a
defensive response in the form of apoptotic death (O’Brien,
1998; Roulston et al., 1999). The cell death machinery0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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F Deceased.includes several cross-talking, multiply controlled path-
ways, which may be triggered by interactions of apoptotic
stimuli with diverse bsensorsQ, such as plasma membrane
receptors (Locksley et al., 2001), mitochondria (Zamzami
and Kroemer, 2001), or endoplasmic reticulum (Morishima
et al., 2002; Rao et al., 2001, 2002). Although the upstream
steps of these pathways are different, the final outcome is
strikingly uniform: after extensive degradation of nuclear
DNA, the affected cell and its nucleus are converted into
fragments, called apoptotic bodies, confined within a
modified plasma membrane, which acquires signals attract-
ing macrophages and other scavengers. The activation of
apoptotic programs in the virus-infected cell may affect the05) 292–306
L.I. Romanova et al. / Virology 331 (2005) 292–306 293infection outcome in several ways. It may cause premature
cell death, thereby interrupting virus reproduction, decreas-
ing the yield of infectious progeny, and suppressing the
spread of the infection. Another aspect of apoptotic death
consists in prevention of extensive leakage of intracellular
components, which otherwise may stimulate an inflamma-
tory reaction with its advantages and disadvantages for the
host. Therefore, the ability or inability of host cells to
respond to viral infection by activation of the apoptotic
program may significantly contribute to the pathogenesis of
viral diseases (Dockrell, 2001).
A variety of picornaviruses, icosahedral animal viruses
with a 7.5- to 8-kb single-stranded RNA genome of positive
polarity (Semler and Wimmer, 2002), are known to induce
the apoptotic response, which consists in a more or less
constant and genetically imprinted set of biochemical and
morphological alterations, such as cell shrinkage, cytoplas-
mic blebbing, chromatin condensation, chromosome degra-
dation, nuclear fragmentation, and some others. Such a
response was observed in cells infected with poliovirus
(Agol et al., 1998; Tolskaya et al., 1995), coxsackieviruses
B3 (Carthy et al., 1998, 2003), B4 (Joo et al., 2002), and B5
(Rasilainen et al., 2004), enterovirus 71 (Kuo et al., 2002;
Shih et al., 2003), Theiler’s murine encephalomyelitis virus
(TMEV) (Anderson et al., 2000; Jelachich and Lipton,
1996), encephalomyocarditis virus (Yeung et al., 1999),
hepatitis A virus (Brack et al., 1998; Gosert et al., 2000), and
avian encephalomyelitis virus (Liu et al., 2002, 2004).
Different picornavirus-specific proteins are implicated in
switching on, or enhancement, of the apoptotic reaction. The
list of such proteins includes capsid proteins VP2 (Henke et
al., 2000, 2001) and VP3 (Liu et al., 2002), proteases 2A
(Goldstaub et al., 2000; Kuo et al., 2002; Neznanov et al.,
2001) and 3C (Barco et al., 2000; Li et al., 2002), as well as
nonstructural protein 2C (Liu et al., 2004). On the other
hand, viruses in general (Benedict et al., 2002) and
picornaviruses in particular (Agol et al., 2000; Campanella
et al., 2004; Ghadge et al., 1998; Koyama et al., 2001;
Neznanov et al., 2001, 2002; Tolskaya et al., 1995) may be
equipped with anti-defense tools capable of suppressing
activation or execution of the apoptotic programs.
The type of death of picornavirus-infected cells depends
on a variety of factors. In addition to the genetic make-up of
the virus (Brack et al., 1988; Gosert et al., 2000), the
efficiency of viral reproduction may exert a significant,
sometimes decisive, effect. Thus, HeLa and some other cells
developed apoptotic response to poliovirus infection only
when virus growth was markedly suppressed, for example,
by the presence of guanidine.HCl or a ts mutation. By
contrast, productive infection in these cells was accompa-
nied by the canonical necrotic cytopathic effect (CPE) (Agol
et al., 1998, 2000; Tolskaya et al., 1995). Similarly, the
propensity of cells to respond by apoptosis to infection by
certain coxsackievirus (Rasilainen et al., 2004) and TMEV
(Jelachich and Lipton, 1996, 1999) strains appeared to
depend on the restriction of virus growth in these cells.Moreover, the reaction of the host apoptotic machinery to
picornavirus infection is generally cell dependent, being
affected by the cell environment (Jelachich and Lipton,
2001; Tolskaya et al., 1996), the status of their differ-
entiation (Jelachich and Lipton, 1999; Jelachich et al.,
1999), and genotype. Thus, in contrast to HeLa cells, a
colon cancer cell line (Ammendolia et al., 1999), a line of
promyelocytic cells (Lo´pez-Guerero et al., 2000), and some
cells of neural origin (Couderc et al., 2002) respond by
apoptosis even to the productive poliovirus infection.
The apoptotic response is potentially significant for the
pathogenesis of picornavirus-induced diseases (Brewer et
al., 2001; Feuer et al., 2003; Girard et al., 1999; Schlitt et
al., 2003). One of the important aspects of pathogenesis is
the involvement of specific subsets of target tissues and
cells, which may react differently to the infection. As a step
toward deciphering the mechanisms underlying variability
of such reactions, we investigated here two contrasting types
of behavior of poliovirus-infected cells, both distinct from
the behavior of HeLa cells studied in some detail previously.
We present evidence that L20B cells, a derivative of murine
L cells harboring the human gene for the poliovirus receptor
(Mendelsohn et al., 1989; Wood and Hull, 1999), develop
apoptosis upon productive infection. Alike the situation in
HeLa cells (Belov et al., 2003), the apoptotic program
turned on by infection of L20B cells involves, at least in
part, mitochondria damage, efflux of cytochrome c, and
activation of caspase-9 followed by activation of down-
stream effector caspases. However, in contrast to the
situation previously observed in HeLa cells (Agol et al.,
2000), implementation of this program is not efficiently
suppressed by the antiapoptotic activity of accumulating
virus-specific products. On the other hand, human rhabdo-
myosarcoma RD cells fail to develop apoptosis upon either
productive or abortive infection with poliovirus due to some
defect of its intrinsic apoptotic machinery.Results
As shown previously, the overwhelming majority of
productively infected HeLa cells developed, under permis-
sive conditions, CPE by 5–8 h postinfection (pi), even
though they became committed to apoptosis very early after
the onset of infection (Agol et al., 2000). This commitment
could be revealed if reproduction was interrupted 1.5–2.5 h
pi by inhibitors of viral RNA replication (e.g., guanidi-
ne.HCl; Gua) or translation (cycloheximide, CHI): the
inhibited infected cells died of apoptosis several hours later.
Upon permissive conditions, implementation of the acti-
vated apoptotic program is suppressed due to expression of
viral antiapoptotic functions. Similar observations were also
made with poliovirus-infected human breast carcinoma
MCF-7 cells, provided the ability of these cells to express
active procaspase-3 was restored (Belov et al., 2003).
However, preliminary experiments with some other polio-
L.I. Romanova et al. / Virology 331 (2005) 292–306294virus-susceptible cells like human rhabdomyosarcoma RD
cells, African green monkey kidney Vero cells, primary
cultures of African green monkey kidney cells, human
neuroblastoma SK-N-MC cells, and murine L20B cells
(expressing human poliovirus receptor) demonstrated that
their response to poliovirus infection differed from that of
HeLa cells and that their sensitivity to proapoptotic or
antiapoptotic functions of poliovirus may vary considerably.
After these experiments, we decided to study in more detail
RD and L20B cells. The reasons for this choice will be
given below.
General characteristics of the cells
The response of RD and L20B cells to poliovirus
infection was compared to that of HeLa cells. The two
former cell cultures efficiently supported poliovirus
growth. The viral yield and time course of viral
reproduction in RD cells were essentially the same as in
HeLa cells, whereas the yield in L20B cells, good enough
by itself (generally, between 103 and 104 PFU/cell), was
usually slightly lower, the rate of reproduction being
essentially the same (Fig. 1). There was a marked
difference between the cells with regard to their response
to nonviral apoptotic inducers such as inhibitors of
translation (CHI) and transcription (Actinomycin D; ActD).
L20B cells readily developed an apoptotic response to the
both drugs, as judged by the appearance of TUNEL-
positive cells and degradation of chromosomal DNA (not
shown). In contrast, RD cells proved to be quite refractory
to the above metabolic inhibitors as well as to staurospor-
ine and UV irradiation (not shown).
Productive poliovirus infection triggers apoptosis in L20B
cells
Infection of L20B cells under permissive conditions
resulted in a mixed cell response, which includes aFig. 1. Single-cycle poliovirus growth curves in L20B (5), RD (o), and
HeLa (w) cells. The infected cells were harvested at the time intervals
indicated.substantial apoptotic component. A significant proportion
of the infected cells generated positive TUNEL signal
relatively early in the infection cycle, though usually
without extensive nuclear fragmentation as revealed by
Hoechst staining (Fig. 2A). The proportion of TUNEL-
positive cells increased in parallel with the generation of
infectious progeny (Fig. 2B). Accumulation of oligonucleo-
some-sized DNA fragments, another hallmark of apoptosis,
could also be readily observed (Fig. 2C, lanes 2 and 4). The
development of apoptotic reaction was suppressed in the
presence of a broad-spectrum caspase inhibitor zVAD(O-
Me).fmk (hereinafter, zVAD) (Fig. 2C, lanes 3 and 5).
Interestingly, some TUNEL-positive cells, especially at late
stages of infection, exhibited a very weak Hoechst staining
(Fig. 2A, arrowheads), suggesting that they had a decreased
content of DNA due most likely to its extensive apoptotic
degradation. However, populations of infected L20B cells
always contained TUNEL-negative cells (Fig. 2A, arrows).
This was not due to inefficient infection since essentially
100% of the cells were rounded up by the end of the
reproduction cycle.
When inspected by electron microscopy, the infected
L20B cells exhibited a variety of patterns ranging from
typical CPE (Fig. 3A) to typical apoptosis (Fig. 3B) with a
significant proportion of cells sharing features of both (Figs.
3C and D). Morphological distinction between CPE and
apoptotic cells was based on the following criteria. The
apoptotic cells exhibited bigger chromatin patches and
contained fewer such patches; the texture of condensed
chromatin in such cells was more dense and compact; there
were regions in the nuclear membrane with no or very little
chromatin; the perinuclear space in CPE cells was usually
enlarged.
It may be noted that apoptotic L20B cells, as compared
to their nonapoptotic counterparts, appeared to generally
contain less vesicular structures (cf., panels A and B of
Fig. 3, and also data not shown) corresponding to
replication complexes (Egger et al., 2002). This may
indicate that they produce less virus, a conclusion
consistent with the observation that apoptotic cells
appeared to generate a relatively weaker fluorescence
signal upon staining with antibodies against poliovirus
2B protein (data not shown). In principle, the reverse
relationship between virus growth and apoptosis might be
explained by either suppression of viral reproduction by
the developing apoptosis or a higher propensity of cells
with a weaker viral growth to develop apoptotic response.
These explanations are not necessarily mutually exclusive.
The fact that suppression of viral reproduction in L20B
cells (as contrasted to HeLa cells) by Gua resulted in a
decrease rather than increase in proportion of apoptotic
cells (Fig. 4) may be interpreted as an argument against the
latter of the above explanations.
The existence of a spectrum of responses to poliovirus
infection, from apoptosis to CPE, in a population of L20B
cells, with a significant proportion of the cells exhibiting
Fig. 2. Response of L20B cells to poliovirus infection. (A) Detection of TUNEL-positive cells. While infection resulted in accumulation of many TUNEL-
positive cells, a proportion of cells did not produce detectable TUNEL signals (arrows) even at late stages of viral reproduction (e.g., 8 h pi). At these stages,
some TUNEL-positive cells exhibited very weak Hoechst staining (arrowheads), suggesting that they had a markedly decreased content of DNA. (B) Time
course of accumulation of TUNEL-positive cells in comparison with dynamics of viral reproduction. (C) Gel electrophoresis of DNA extracted from virus-
infected and mock-infected cells. In samples containing zVAD, the drug was present at a concentration of 100 AM. Lane M shows a PstI digest of E phage
DNA.
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consistent with our previous proposal (Agol et al., 2000)
that both mechanisms might get started more or less
simultaneously in the same cell. The final outcome of the
implementation of these competing programs may depend
on genetic peculiarities, differentiation, and physiological
status of the cell as well as the environmental factors
(especially within an organism).
Contribution of the cytochrome c/caspase-9-dependent
pathway to the apoptotic response of L20B cells to
poliovirus infection
Mitochondria damage, as evidenced by the efflux of
cytochrome c to cytoplasm and subsequent activation of
caspasese-3 and caspase-9, is a major factor activating the
apoptotic pathway upon poliovirus infection of HeLa cells
(Belov et al., 2003). This pathway appeared to be operative
in virus-infected L20B cells as well. As revealed by
immunostaining, redistribution of cytochrome c from
mitochondria (punctated entities in the perinuclear zone)
into the cytoplasm (diffuse staining) was seen in a majority
of the infected cells, although the abundance of cytochrome
c in the cytoplasm was probably not as high as in infected
HeLa cells (Fig. 5).
The role of cytoplasmic cytochrome c in the develop-
ment of apoptosis is believed to consist in participation inthe formation of apoptosome, a complex of the cyto-
chrome, proapoptotic protein Apaf-1, and caspase-9, in
which activation of caspase-9 takes place (Bratton et al.,
2001; Shiozaki et al., 2002). To ascertain the possible role
of caspase-9 in the development of apoptosis in polio-
virus-infected L20B cells, a derivative of these cells, L20-
C9DN, constitutively expressing a dominant-negative
form of the enzyme was generated. The expression of
the mutant protein was verified by Western blotting (Fig.
6A, lane 2). This expression resulted in a marked
suppression of caspase-9 activity, as judged by a
significantly lower level of apoptotic response to nonviral
stimuli CHI and ActD (Figs. 6B and C). The ability of
L20-C9DN cells to enter apoptosis after poliovirus
infection was significantly diminished, though was not
eliminated completely, as judged by TUNEL assay (Figs.
6D and F) and cell DNA electrophoresis (Fig. 6E). The
development of apoptosis in the remaining fraction of the
infected cells was suppressed in the presence of zVAD
(Figs. 6E and F).
Activation of the caspase cascade was also confirmed by
determination of the ability of extracts from infected L20B
cells to hydrolyze a synthetic substrate DEVD-pNA known
to be an optimal substrate for caspase-3 and caspase-7.
Importantly, the appropriate activity accumulated to a nearly
maximal level by 5 h pi, that is, before completion of viral
reproduction (Fig. 7A).
Fig. 3. Electron microscopy of productively infected L20B cells. The cells were fixed at 6 h 40 min pi and all the pictures were taken from the same
culture. (A) A cell showing a nucleus with typical CPE with electron dense condensed chromatin (c) along the entire circumference of the nucleus,
except for translucent small areas behind nuclear pores. The nucleus has deep narrow invaginations, and the nucleoli (NL) are irregularly shaped and
closely associated with condensed chromatin. (B) A typical apoptotic cell with highly condensed chromatin redistributed into large clumps in rounded
nuclear protrusions. There are sites along the nuclear membrane with no or only a thin border of condensed chromatin. Translucent areas in the
condensed chromatin are sparse, but larger than in A. The nucleolus is disintegrated and not surrounded by condensed chromatin. (C and D) Cells
showing features of both CPE and apoptosis but with the appearance closer to CPE (C) or apoptosis (D). In C, the condensed chromatin, including the
larger and smaller nuclear pore-related translucent areas, resembles more the chromatin in A; however, the condensed chromatin does not entirely coat
the nuclear envelope. One nucleolus (the leftward one) is irregularly shaped and chromatin associated; the other is more round and uncovered. In D, the
overall pattern of the nucleus resembles more that of the cell in B; however, the chromatin is less redistributed into nuclear protrusions than in B. Scale
bars: 1 Am.
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in response to poliovirus infection
A markedly different response to poliovirus infection
was observed in RD cells. Before and during the phase of
new progeny accumulation (that is, before 7–8 h pi), noappreciable proportion of apoptotic cells could be detected
by using TUNEL assay (Fig. 8) or DNA electrophoresis (not
shown). By this time, the infected cells demonstrated a
typical CPE appearance. Interruption of the viral reproduc-
tion by Gua or CHI did not result in the switching of the RD
cell death program from CPE to apoptosis (not shown).
Fig. 4. Effect of suppression of poliovirus growth by Gua on the apoptotic
response of L20B cells. When indicated, guanidine.HCl 100 Ag/ml was
added at 2 h pi, and the percentage of TUNEL-positive cells infected in the
presence and absence of the drug was determined at 8 h pi. Both L20B cells
and L20B-IVM cells (i.e., L20B cells harboring an empty vector; see Fig.
6) were used in such experiments and gave qualitatively similar results. An
experiment performed with the latter cells is shown.
Fig. 5. Effects of poliovirus infection on the efflux of cytochrome c from
mitochondria in infected L20B, RD, and HeLa cells. Cells were infected
and inspected at 6 h pi as described under Materials and methods. Arrows
point out to L20B cells, in which the efflux of cytochrome c is clearly seen.
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response in RD cells correlated with the absence of
marked signs of mitochondria damage upon these
conditions, as judged by the retention of cytochrome c
within the mitochondria of the majority of infected cells
(Fig. 5).
Comparative assays for some host pro- and antiapoptotic
factors
Attempts to relate cell-specific responses to poliovirus
infection with differences in the expression of some known
components of cellular apoptotic machinery were under-
taken. To this end, the expression levels of Bid, Bcl2, Bcl-xl,
Bax, Bcl-xs, and Smac were compared in HeLa and RD
cells by Western blot analysis. No appreciable differences
were found (not shown).
Recently, the antiapoptotic activity of an abundant
nuclear protein prothymosin-a (PTa) has been described
(Evstafieva et al., 2003; Jiang et al., 2003). This activity
depended on the appearance of PTa in the cytoplasm. Since
poliovirus infection is known to facilitate efflux of a variety
of nuclear proteins into the cytoplasm (Belov et al., 2000,
2004; Gustin and Sarnow, 2001), we investigated how the
nucleo-cytoplasmic distribution of PTa was affected by
poliovirus infection in different cells. In RD cells, infection
resulted in early efflux of PTa and its concentration
appeared to be even greater in the cytoplasm than in the
nuclei (Fig. 9A). The PTa efflux was not prevented by
either suppression of poliovirus reproduction by Gua or by
caspases inhibitor zVAD (Fig. 9A). In cells infected in the
presence of Gua, PTa appeared to be more evenly
distributed over the nuclei and cytoplasm than without the
inhibitor. Exit of PTa from the nucleus was not caused bythe loss of a NLS, as the integrity of this protein was
demonstrated by electrophoresis (Fig. 9D).
Even though relocation of PTa could potentially affect
the execution of the apoptotic program, the failure of RD
cells to develop apoptotic response to poliovirus infection
could not be explained by this relocation because a
similar phenomenon was observed in L20B cells (Fig.
9B) and HeLa cells (Fig. 9C) as well, which are sensitive
to poliovirus apoptotic activity. In HeLa cells, the efflux
of PTa occurred at least not less rapidly than the efflux
of 3EGFP-NLS (Fig. 9C). In the two latter types of
cells, PTa efflux was also not suppressed by either Gua
or zVAD, but in distinction with RD cells, no preferential
depletion of nuclei was observed.
Fig. 6. Effect of inactivation of caspases-9 on the development of apoptosis in mock-infected and virus-infected L20B cells. (A) Western blot analysis of
extracts from the empty vector-expressing (L20-IVM) and dominant-negative caspase-expressing (L20-C9DN) cells. Antibodies against the p10 subunit of
caspases-9 (Ab-4 from Santa Cruz) were used. The positions of marker proteins (BioLabs) are indicated. The absence of clearly detectable caspase-9 band in
L20-IVM cells is probably explained by a relatively low reactivity of the antibodies toward mouse caspase-9. (B and C) Suppression of the apoptotic response
to metabolic inhibitors by caspase-9 inactivation. Electrophoretic analysis of DNA (B) and proportion of apoptotic cells (C) in uninfected L20-IVM (+) and
L20-C9DN () treated with CHI (100 Ag/ml) and ActD (5 Ag/ml) for 4 and 5 h, respectively; NT, untreated cells. (D–F) Suppression of the apoptotic response
to poliovirus infection by caspase-9 inactivation. TUNEL assay (D), electrophoretic analysis of DNA (E), and proportion of apoptotic cells as revealed by
TUNEL assay (F) in mock-infected and virus-infected L20-IVM (+) and L20-C9DN () cells. zVAD was used at 100 AM.
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Fig. 7. Activation of DEVD-specific caspases in infected L20B (A) and RD (B) cells. The assay was performed as described under Materials and methods.
Squares and circles correspond to the infected and mock-infected cells, respectively. Full and open symbols correspond to the samples assayed in the absence
and presence of 10 AM zVAD, respectively.
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Until this point, we focused on cellular changes occurring
during the active phase of viral reproduction. However, the
fate of dying cells is also of interest because it may
significantly influence pathogenesis of the viral disease.
While, as shown above, RD cells did not develop apoptotic
response during viral growth, a significant proportion of cells
was found to be TUNEL-positive after completion of viral
reproduction, for example, at 10–12 h pi (Fig. 8A). These
cells exhibited signs of CPE, such as rounding up and nuclei
deformation, and a significant proportion of themwas stained
by trypan blue (Fig. 10), suggesting that they were dead or in
the process of dying. The appearance of blateQ apoptotic cells
was markedly, but not completely, suppressed by zVAD (Fig.
10B), suggesting that this process was largely caspase
dependent. In line with this observation, accumulation of
DEVD-specific protease (caspases) activity occurred in RDFig. 8. RD cells do not develop apoptotic response during the active phase
of poliovirus infection. The proportion of apoptotic cells was assayed by
TUNEL.cells only several hours after completion of viral growth (Fig.
7B). All the TUNEL-positive cells observed in the presence
of zVAD were also trypan blue positive (Fig. 10A),
suggesting that they were undergoing postmortem DNA
degradation rather than genuine apoptosis.
As shown previously, productively infected HeLa cells
develop CPE rather than apoptosis (Agol et al., 1998, 2000).
However, secondary apoptosis, which followed the canon-
ical CPE, could be observed also in these cells by the
TUNEL assay (Fig. 11A) and DNA electrophoresis (Fig.
11B) well after completion of viral reproduction, for
example, at 10–12 h pi. This process was caspases depend-
ent, as judged by its sensitivity to zVAD. The level of DNA
degradation at late steps of productive infection was,
however, not as high as it was in the presence of Gua
(Fig. 11B), the condition shown previously to trigger
apoptotic response in a significant proportion of infected
HeLa cells. Detection of late apoptosis in the infected L20B
cells was hampered by the propensity of these cells to
develop early apoptosis. However, zVAD-resistant post-
mortem degradation of DNA could be registered, though
quite rarely, also in these cells (Fig. 11C). In exceptional
cases, this phenomenon could be observed in mock-infected
cells as well (Fig. 11C).Discussion
This study demonstrated that the relationship between the
poliovirus-triggered proapoptotic and antiapoptotic pro-
grams described previously for HeLa and some other cells
(Agol et al., 2000; Belov et al., 2003) may vary in a host-
dependent manner. For the present study, we chose RD and
L20B cells because they exhibited markedly contrasting
(and differing from that of HeLa cells) responses to
poliovirus infection, while supporting comparable levels
Fig. 9. Effects of poliovirus infection on intracellular PTa distribution in RD (A), L20B (B), and HeLa 3E (C) cells. (D) Gel electrophoresis of PTa extracted
from RD cells at 3 h pi (lane 1) and mock-infected cells (lane 2). Lane M shows a marker PTa band.
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Fig. 10. Late apoptosis in RD cells. (A) TUNEL-positive and trypan blue-stained cells at 10 h pi. (B) The time course of the appearance of TUNEL-positive
(black bars) and trypan blue-stained (gray bars) cells in the presence and absence of zVAD at late steps of infection.
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viral yield. It may be appropriate to note that while murine
cells may exhibit some species-specific peculiarities, miceFig. 11. Late apoptosis in HeLa and L20B cells. Appearance of TUNEL-positive
HeLa cells in the presence and absence of zVAD. (C) Trypan blue staining of prexpressing human poliovirus receptor are generally consid-
ered an appropriate model for studies on pathogenesis of
poliovirus infection (Ohka and Nomoto, 2001). Moreover,cells (A) and DNA degradation (B) at late steps of productive infection of
oductively infected L20B cells that were TUNEL positive.
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SK-N-MC cells also developed apoptosis during the
productive poliovirus infection (not shown). This effect
was not pursued in detail here because of difficulty in its
direct comparison to that in L20B (or HeL and RD) cells
due to a slower virus reproduction in neuroblastoma cells
and the propensity of some of the infected cells to develop
persistent infection (not shown; see also Colbere-Garapin et
al., 1989). Nevertheless, this fact, together with the results
of other investigators mentioned in the Introduction,
indicates that the behavior of L20B cells described here
should not be considered mice specific.
The major apoptotic program switched on by poliovirus
infection of L20B cells appeared to be similar to that
activated in HeLa cells. It included mitochondria damage
(as evidenced by cytochrome c efflux into the cytoplasm),
though probably not as dramatic as is in the case of HeLa
cells, followed by activation of caspase-9. The crucial role
of caspase-9 was demonstrated by the severe suppression of
apoptotic response of infected caspase-9-deficient L20B
cells. Being severe, this suppression was not, however,
complete, suggesting that the nature and balance of
proapoptotic and antiapoptotic factors in these cells are
different as compared to HeLa cells. The molecular
mechanism(s) underlying this difference is unknown and
several hypotheses may be put forward. According to one of
them, poliovirus infection of L20B cells may activate an
additional apoptotic pathway more resistant to the viral
antiapoptotic function. The existence of caspase-9-inde-
pendent apoptotic pathways in other systems is well
documented. One of the best studied is represented by the
pathway triggered by interaction of external ligands with
appropriate receptors on the plasma membrane, followed by
activation of caspase-8 (Locksley et al., 2001), although
other examples are also known (cf., Cande´ et al., 2002; van
Loo et al., 2001; Wu et al., 2002). Interestingly, Gosselin et
al. (2003) proposed that the poliovirus/receptor interaction
might be involved in the control of apoptotic program in L
cells. If so, this may point out to a possible role of the
receptor/caspase-8 pathway in response of these cells to
poliovirus infection. Involvement of still other apoptotic
pathways cannot also be ruled out. On the other hand, one
may speculate that the failure of L20B cells to efficiently
respond to viral apoptotic function is due to a faster
implementation of the apoptotic program in these cells. If
so, it takes place prior to the accumulation of sufficient
amounts of the viral antiapoptotic protein(s). Also, it cannot
be ruled out that L20B cells, as compared to HeLa cells,
exhibit a decreased sensitivity to poliovirus antiapoptotic
function(s) just because the relevant component(s) of the
murine apoptotic system is less efficiently recognized by the
viral antiapoptotic protein.
A contrasting example was provided by the response to
poliovirus infection of RD cells. These cells failed to
develop apoptosis not only upon productive infection (in
distinction with L20B cells) but also even upon an abortiveone (in distinction with HeLa cells). Certain deficiency of
the apoptotic machinery in RD cells was evidenced by
inefficient apoptotic reaction to such nonviral stimuli, as
CHI and ActD. RD is a human rhabdomyosarcoma cell line
of embryonal type. Such tumors are characterized by
various genetic changes, including chromosome transloca-
tions (Anderson et al., 1999; Xia et al., 2002), which may
result in an increased resistance to certain apoptotic stimuli.
For example, RD cells, while containing procaspases-3, -6,
-7, -8, -9, and -10, are resistant to apoptogenic activity of the
FAS ligand but not to such an activity of another TNF-a-
related ligand, TRAIL (Petak et al., 2000). The nature of the
alteration of the apoptotic machinery of RD cells, which
renders them resistant to the apoptosis-inducing activity of
poliovirus, is yet to be elucidated.
MCF-7 cells (derived from human breast carcinoma) also
did not develop apoptosis in response to poliovirus
infection. The infection of these cells did result in
mitochondria damage as judged by the efflux of cytochrome
c into cytoplasm (Belov et al., 2003), but this potentially
apoptogenic event did not trigger the development of
apoptosis due to the inactivity of a major effector caspase,
caspase-3 (J7nicke et al., 1998). On the other hand, no
efficient exit of cytochrome c from the mitochondria could
be observed in infected RD cells. Thus, the mechanisms
underlying the failure of RD and MCF-7 to develop
apoptotic response to poliovirus are obviously different.
The variability of apoptotic responses to poliovirus
infection may be caused not only by different sensitivity
of cellular bapoptotic sensorsQ or defects in the pathways
triggered by these sensors but also by a variable sensitivity
to viral antiapoptotic functions. L20B cells appear to
exemplify such a mechanism: an apparently increased
resistance to poliovirus antiapoptotic activity resulted in
implementation of the apoptotic program in a proportion of
the infected cells.
Summing up this and previous studies, we may state that
there exist numerous different types of responses of the host
apoptotic machinery to poliovirus infection. It should be
admitted that the majority of the host cells studied so far
were derived from malignant tumors known to posses a
variety of genetic defects of the apoptotic machinery.
However, epigenetic and physiological variations in the
control of this machinery are also being actively inves-
tigated, and the effects of differentiation, humoral factors (e.
g., cytokines), and neighboring cells, or extracellular matrix
on the balance of pro- and antiapoptotic factors have been
abundantly reported (Locksley et al., 2001; Marsden and
Strasser, 2003; Stupack and Cheresh, 2002). In this regard,
it may be noted that if L20B cells were infected in the
presence of bovine (in particular, fetal) serum, the propor-
tion of apoptotic cells upon productive infection was
markedly decreased (not shown). A similar effect was
observed with abortively infected HeLa cells (Tolskaya et
al., 1996). The balance of proapoptotic and antiapoptotic
factors in cells undergoing infection by poliovirus in the
L.I. Romanova et al. / Virology 331 (2005) 292–306 303organism should affect the ultimate fate of these cells and, as
a consequence, the pathogenesis of the disease. Also, it may
be expected that poliovirus is not the only virus arousing
such a variety of responses. Understanding of this aspect of
virus–cell interaction should provide important insights into
not only pathogenetic mechanisms but also, possibly, the
approaches to treatment of viral diseases.
The appearance of TUNEL-positive cells late in viral
infection, subsequent to the completion of viral reproduc-
tion, deserves special attention. Detection of sign of
apoptosis in different host cells after completion of
coxsackievirus B reproduction (Ahn et al., 2003, 2004)
may suggest that such late apoptosis may develop in cells
infected with other viruses as well. This phenomenon may
perhaps be caused by different mechanisms. It may
represent a bona fide but secondary apoptosis, associated
with a postponed activation of the canonical caspases-
dependent pathway(s). Its physiological significance may be
different from that of bearlyQ apoptosis, inasmuch as the
former is unable to curtail viral reproduction and is possibly
deficient in preventing leakage of intracellular content.
However, it may contribute to the removal of infected cells
if apoptosis-related scavenger-recognizable signals are
presented on the cellular surface. On the other hand, DNA
degradation could occur in already dead necrotic cells. In
this case, it hardly plays any of the physiological roles
ascribed to apoptosis. Since TUNEL is a major tool for
investigation of apoptosis at the level of organism, one
should be aware of ambiguity of results derived exclusively
from this assay.Materials and methods
Cells
HeLa and RD cells were cultivated on DMEM with 10%
bovine serum, while L20B cells and their derivatives were
grown on DMEM with 10% fetal bovine serum.
For the generation of L20B cells deficient in caspases-9,
cDNA of caspase 9DN (dominant-negative mutant of
caspase 9; see Fearnhead et al., 1998) was cloned into
MaRX-IV(neo) vector (Hannon et al., 1999). L20B cells
were transduced with Marx-IVCas9DN(neo) retroviral
vector essentially as described by Faleiro and Lazebnik
(2000). Cells were subjected to selection at 500 Ag/ml of G-
418 (Sigma) for approximately 2 weeks and the resistant
clones were pooled together. Subsequent cultivation was
carried out in the presence of 500 Ag/ml of G-418. As a
control, cells transfected with the empty vector and similarly
selected were used.
Infection and single-cycle growth experiments
Cells were detached by EDTA treatment and plated onto
35- or 60-mm petri dishes (Corning-Costar) at a density ofapproximately 105 cells/cm2 and cultivated overnight under
5% CO2 at 37 8C in Eagle medium with 5% bovine (HeLa
and RD cells) or calf (L20B cells) serum. The growth
medium was discarded, and the virus was added in a volume
of 2 ml to provide an effective multiplicity of infection
(MOI) of about 100 PFU/cell. After a 30-min incubation at
18 8C, the cells were washed off with Earle’s solution and 1
or 3 ml (for 35- or 60-mm dishes, respectively) of serum-
free Eagle’s medium was added. After incubation at 37 8C
for the indicated time intervals, the viral titers (PFUs) were
assayed on RD cells.
Apoptosis induction
Protein synthesis inhibitor CHI (100 Ag/ml) or tran-
scription inhibitor ActD (1 Ag/ml) was used as a nonviral
inducer of apoptosis. To suppress poliovirus infection,
guanidine.HCl (100 Ag/ml) was added to infected cells at
an early step (either at the onset of infection or at a time
point between 1.5 and 2.5 h postinfection) and the cells
were fixed for microscopic analysis several hours thereafter.
At 30 min prior to the fixation, permeable nuclear dye
Hoechst 33342 (5 Ag/ml) was added to the medium. When
necessary, the development of apoptosis was prevented by
100 AM zVAD (Enzyme Systems Products; Dublin, CA).
For staining of dead cells, 0.25% trypan blue was used.
Immunofluorescence staining
For cytochrome c staining, cells grown on coverslips
were fixed with 10% paraformaldehyde in Dulbecco’s
phosphate-buffered saline (PBS) for 15–20 min. The
coverslips were washed three times with PBS and dried.
Three percent nonfat dry milk in PBS was used for blocking
of nonspecific binding sites. DNA dye Hoechst 33342 was
added into the blocking solution at concentration of 2 Ag/ml.
Incubation with primary (anti-cytochrome c A-8, Santa
Cruz) and secondary (anti-mouse FITC conjugated from
Sigma) antibodies diluted in blocking solution was per-
formed for 3 and 1 h, respectively. Then the cells were
washed twice for 5 min with PBS with agitation at room
temperature. Dried coverslips were placed on a drop of mix
of glycerol/100 mM Tris, pH 9.
PTa staining was performed similarly but cell fixation
was performed with 4% paraformaldehyde in PBS for 10
min followed by permeabilization with 0.2% Triton X-100
in 4% paraformaldehyde in PBS for 10 min. Incubations in
blocking solution with primary and secondary antibodies
were for 1 h at 37 8C. Anti-PTa monoclonal antibody
(Sukhacheva et al., 2002) was used.
Terminal deoxyribonucleotide transferase-mediated dUTP
nick end labeling (TUNEL)
Cells were grown on coverslips and stained with Hoechst
33342 as above but fixed, at room temperature, with Safe
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70% ethanol and stored at 20 8C. The assay was
performed by using the Apoptosis Detection System,
Fluorescein kit from Promega according to the manufactur-
er’s instructions. The filter cube I3 was used for the
registration of TUNEL-positive cells.
Fluorescent and electron microscopy
Fluorescence microscopy was performed with Leica
DMLS fluorescent microscope equipped with green I3 (for
visualization of TUNEL and 3xEGFP-NLS), red N2.1 (for
PTa staining), and blue A (for Hoechst stained nuclei) filter
cubes. The pictures were obtained with Leica Digital
Camera 100. To stain the nuclei, the cells, prior fixation,
were incubated for 30 min with 5 Ag/ml Hoechst 33342 dye
added to cultural media.
For electron microscopy, the versenized cells were
fixed with 2.5% glutaraldehyde and subsequently with 1%
OsO4 and embedded into EPON-812. Ultrathin sections
were examined with a Philips CM 100 or JEM-1200-II
microscope.
DNA fragmentation electrophoretic assay
DNA fragmentation was assayed as described previously
(Tolskaya et al., 1995). Versenized cells were suspended in a
buffer containing 20 mM EDTA and 10 mM Tris–HCl, pH
7.4, and lysed with 0.5% Triton X-100 for 20 min on an ice
bath. The nuclei-free supernatants after centrifugation in an
Eppendorf minifuge (128000 rpm, 15 min, 4 8C) were
treated with phenol/SDS. After ethanol precipitation,
nucleic acids were dissolved in 10 Al of H2O and treated
with RNase A (10 Ag/ml, 37 8C, 30 min). Samples were
subjected to electrophoresis on 1.5% agarose gels.
Western blot analysis
Cells were versenized and collected together with the
material floating in the incubation media by low-speed
centrifugation in an Eppendorf minifuge for 4 min. The
supernatant was discarded, and the pellet was lysed with a
buffer containing 2% SDS, 35 mM h-mercaptoethanol, 50
mM Tris–HCl, pH 6.8, supplemented immediately before
use with 1 mM phenylmethylsulfonyl fluoride (PMSF) and
the protease inhibitor cocktail containing antipain, chemo-
statin, leupeptin, and pepstatin, 2 Ag/ml each (Sigma).
Following addition of the lysis buffer, the cells were
incubated in a boiling water bath for 10 min and the lysates
were sonicated to reduce viscosity. The protein concen-
tration was measured with the Bradford protein concen-
tration assay (Bio-Rad) according to the manufacturer’s
recommendations. The total amount of protein loaded into a
well of discontinuous denaturing polyacrylamide minigel
was 30 Ag. After electrophoresis, proteins were transferred
onto PVDF 0.45-Am membrane (Amersham) with the Bio-Rad minigel transfer system. The membrane was incubated
overnight at 4 8C with agitation in a blocking solution (100
mM NaCl, 20 mM Tris–HCl, pH 7.5, 0.1% Tween 20, 5%
nonfat dry milk). This solution was also used for the dilution
of primary and secondary antibodies (anti-mouse or anti-
rabbit horseradish peroxidase conjugates from Amersham).
Incubation with antibodies was for 1 h at room temperature,
followed with triple washing with blocking solution without
milk. Protein bands were visualized with the ECL+
detection system (Amersham).
Caspase assay
Determination of DEVD-specific caspase activity was
performed essentially as described (Agol et al., 2000). The
harvested cells were washed with PBS and lysed with the
cell lysis buffer from the Clontech CPP-32 colorimetric
detection kit according to the manufacturer’s protocol. The
resulting lysates were stored in aliquots at 80 8C. Caspase
activities were determined in 100-Al reactions containing 45
Al of cell lysate, 100 AM of Ac-DEVD-pNA (Calbiochem),
50 Al of 2 reaction buffer (100 mM PIPES, pH 7.0, 0.2
mM EDTA, 20% glycerol, 2 mM DTT) and, where
indicated, 10 AM of zVAD. The optical density was
measured at 405 nm.
Assay for integrity of PTa
The assay was performed essentially as described
(Evstafieva et al., 2003). Briefly, PTa was extracted by
phenol, subjected to electrophoresis in 8% polyacrylamide/7
M urea (without SDS), and the PTa bands were visualized
by methylene blue staining.Acknowledgments
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